poorly understood, although research has highlighted a causal role for visual-vestibular sensory 23 conflict. Recently established methods for reducing cybersickness include galvanic vestibular 24 stimulation (GVS) to mimic absent vestibular cues in VR, or vibration of the vestibular organs to 25 add noise to the sensory modality. Here, we examined if applying noise to the vestibular system 26 using noisy-current GVS also affects sickness severity in VR. Participants were exposed to one 27 of two VR games that were classified as either moderate or intense with respect to their 28 nauseogenic effects. The VR content lasted for 50 minutes and was broken down into 3 blocks: 29 30 minutes of gameplay during exposure to either noisy GVS (±1750 μA) or sham stimulation (0 30 μA), and 10 minutes of gameplay before and after this block. We characterized the effects of 31 noisy GVS in terms of post-minus-pre-exposure cybersickness scores. For the intense VR 32 content, we found a main effect of noisy vestibular stimulation. Participants reported lower 33 cybersickness scores during and directly after exposure to GVS. However, this difference was 34 quickly extinguished (~3-6 min) after further exposure to VR, indicating that sensory adaptation 35 did not persist after stimulation was terminated. In contrast, there were no differences between 36 the sham and GVS group for the moderate VR content. The results show the potential for 37 reducing cybersickness with simple non-invasive sensory stimulation. We discuss the prospect 38 that noise-induced sensory re-weighting is responsible for the observed effects, and address other 39 possible mechanisms. 40
Introduction 42
A persistent conflict experienced in virtual reality (VR) applications is the discrepancy 43 between multisensory cues, particularly those processed by the visual and vestibular senses. Other recent evidence has suggested that CS is counteracted by facilitating sensory re-76 weighting. Time-coupling a noisy (vibratory) vestibular stimulus to the occurrence of expected 77 vestibular cues reduces sickness during VR use (Weech et al., 2018a) . The addition of noise to 78 the vestibular sense was considered to rapidly reduce vestibular cue reliability, causing visual 79 self-motion cues to be up-weighted in return. This finding indicates that sensory re-weighting 80 within a single experimental session can reduce CS. Vestibular noise can also enhance illusory 81 self-motion (vection), a known correlate of CS (Keshavarz et al., 2015b; Weech et al., 2018b), 82 likely by facilitating a similar sensory re-weighting mechanism (Weech & Troje, 2017 precision of a modality determines its utility (Welch & Warren, 1980; Ernst & Bülthoff, 2004) . 87
Such an outcome would reduce the impact of absent inertial cues to motion during simulated 88 self-motion in VR. Existing evidence has confirmed a reduced reliance on vestibular cues 89 following GVS exposure in a manner consistent with sensory re-weighting (Balter et al., 2004a, 90 2004b; Dilda et al., 2014; Moore et al., 2015) . 91
The current study was motivated by the prediction that exposure to noisy vestibular 92 stimulation applied during VR exposure will reduce CS. The proposed mechanism was via 93 down-regulation of ‗unreliable' vestibular cues that would otherwise signal a stationary head-in-94 space. Here, we exposed participants to noisy GVS while they completed VR tasks, and 95 measured self-reported levels of CS. There were two VR tasks, classified as ‗moderate' or 96 ‗intense', that differed in terms of the frequency of simulated self-motion. We took self-report 97 measures of CS during and after exposure to VR for noisy GVS and Sham stimulation groups. 98
We expected to observe a divergence in sickness severity for the GVS and Sham groups to 99 emerge, consistent with sensory re-weighting. At the same time, we aimed to establish the 100 efficacy of noisy GVS as a reductive therapy for cybersickness. 101 that they had no history of severe motion sickness. Due to the use of rubbing alcohol to prepare 109 the skin surface for GVS, individuals with skin allergies were also unable to take part. 110
Participants were informed of all procedures and apparatuses and provided written consent. All 111 experiments were performed with the approval of the University of Waterloo's research ethics 112 committee on human research, and were conducted in accordance with the declaration of 113
Helsinki. 114
Apparatus and stimuli 115
Vestibular stimulation was provided via a galvanic vestibular stimulator (DC-Stimulator 116 Plus, neuroConn GmbH, Germany) through 25.4 mm-diameter self-adhesive silver chloride 117 electrodes (Figure 1a ). 118
The VR environment was presented with a head mounted display (Rift CV1, Oculus VR; 119 90 Hz refresh rate, 1080 x 1200 resolution per eye) and the environment was rendered by a high-120 end graphics card (NVIDIA GTX1070). The headset position was tracked by a combination of 121 inertial (accelerometer/gyroscope) and optical (3 x infrared Oculus cameras) sensors that were 122 part of the commercial device package, and this movement was translated into motion of the 123 observer viewpoint in the VR task. The packaged software of the headset was used to calibrate 124 the capture space (95 x 95 inches) and the inter-pupillary distance of the headset for each 125 participant. A depiction of the setup is shown in Figure 1b . 126 Participants were exposed to either a ‗moderate' intensity VR environment ( Figure 1c ; 127 Lucky's Tale, version 1.0.2) or an ‗intense' VR environment ( Figure 1d ; ADR1FT, version 128 1.1.8). The two tasks differed with respect to several factors, including the simulated self-motion 129 (the intense task contained greater and more frequent simulated self-motion), visual content (the also differed between the tasks: Participants were asked to advance through the game levels in 136 the moderate task, and were asked to simply explore a space station in the intense task. The 137 participants controlled their movement in either task using a wireless gamepad (XBOX One, Screenshot from intense VR content 151
Procedure 152
At the start of the experiment, each participant was shown the GVS device and received 153 verbal instruction on its function. Participants were informed that the effects of GVS differed for 154 each individual, and that the stimulation was imperceptible to some. First the experimenter 155 prepared the skin at the mastoid processes by rubbing briskly with abrasive alcohol gel for 156 approximately 30 sec. Following this, the self-adhesive electrodes were applied to the mastoid 157 processes. Prior to testing, participants were exposed to the GVS stimulus according to their 158 randomly assigned group (GVS or sham; between-subjects factor). The GVS group received a bilateral noisy low-frequency (LF) stimulus at an amplitude of ±1750 µA for a total of 15 s (5 s 160 fade in, 10 s exposure). This form of stimulus consists of a random (normal) current generated at 161 a rate of 1280 samples/s up to and including the designated stimulus level (±1750 µA) which 162 was passed through a digital low-pass filter to significantly dampen any frequencies above 100 163
Hz. The sham group received a zero-amplitude stimulus for a total of 15 s (5 s fade in, 10 s 164 exposure). The electrode wires were then taped to the participant's neck to ensure the wires 165 stayed in place during game play. The stimulus amplitude was consistent within each group with 166 no changes made for personal differences. Once the electrodes were attached and the test 167 stimulus was finished, the GVS device was placed in a shoulder backpack on their chest so that 168 the device moved with them. During the period of GVS/sham exposure, the noisy LF stimulus (5 169 s fade in, peak amplitude of ±1750 µA) was delivered continually over a 30 min period for the 170 GVS group, or zero-amplitude for the sham group. Both groups received brief impedance checks 171 every few seconds that comprised a stimulus amplitude of 120 µA. The maximum permitted 172 impedance level was 55 kΩ, and levels above this value typically indicated that the electrodes 173 were improperly secured. 174
The procedure was the same between the moderate and intense VR groups. First, 175 participants were asked if they felt well, and if they were currently feeling any sickness prior to 176 starting the VR task. All reported that they felt well and were not experiencing any sickness. 177
Once the participants were ready to enter the designated VR environment, they were shown the 178 controller and all the controls were explained verbally. The participants were seated and 179 underwent the VR headset calibration until visual stimuli were displayed clearly. The study was 180 completed in three phases: first participants completed a 10 min pre-adaptation phase with no 181 vestibular stimulation while the sham group received sham stimulation), and finally a 10 min 183 post-adaptation phase that was identical to the first phase. In each phase, the participant was 184 instructed to engage in the VR task until requested to stop. All phases took place within the same 185 VR environment (either moderate or intense, depending on the group assignment of the 186 participant). During each phase the FMS CS score was taken by the experimenter every 3 min 187 (Keshavarz & Hecht, 2011). After each phase there was a 3 min break during which the SSQ was 188 completed (Kennedy et. al. 1993) . 189
Results 190

Demographics and task performance 191
We examined the effects of participant age, sex, and previous experience with video 192 games/VR on the following sickness outcome measures: participants' total scores on each SSQ, 193 and participants' final four FMS scores (i.e., all scores in the post-adaptation block, and the final 194 FMS score from the adaptation block). We found no significant Pearson correlations between 195 age and sickness measures (ps ≥ .14), and no difference in sickness scores between men and 196 women (ps ≥ .30). In addition, there were no differences between participants who had or had 197 not experienced VR before for any of these sickness measures (ps ≥ .09). Although we were 198 unable to analyse the effects of video game experience on sickness scores due to low numbers in 199 each cell, the distribution of individuals who were experienced or inexperienced with video 200 games was relatively equal across groups. For the ‗moderate' VR task, we ran Pearson 201 correlations to assess the association between the number of levels of the VR game participants 202 completed and the same sickness measures as above, and found no significant relationships (ps ≥ 203 .07). stimulation groups by conducting a mixed design analysis of variance (ANOVA) on FMS scores 207 for the between-subjects factor of stimulation (GVS or sham) and the within-subjects factor of 208 FMS repetition (1, 2, or 3) in the pre-adaptation block. We observed no effects of stimulation 209 group, and no interaction between the factors for the intense VR content group (ps ≥ .10) or the 210 moderate VR content group (ps ≥ .12). For the moderate VR content group, we observed no 211 effect of FMS repetition in the pre-adaptation block (p = .12), whereas there was an increase in 212 FMS scores over time for the intense VR content group (F(2, 36) = 7.05, p = .003, GES = .08). 213
Adaptation effects 214
We computed the effect of exposure to stimulation as the post-adaptation FMS scores 215 minus the pre-adaptation FMS scores. We subtracted these scores item-wise, that is, the first 216 FMS score in the pre-adaptation block was subtracted from the first score in the post-adaptation 217 block, and so on. For this dependant variable (‗adaptation effect'), we conducted mixed design 218 ANOVAs (between-subjects factor, stimulation: GVS or sham; within-subjects factor, FMS 219 repetition: three levels). 220
Intense VR content: We found a significant main effect of stimulation (F(1, 18) = 4.47, p 221 = .048, Generalized Eta Squared (GES) = .14), but no effect of FMS repetition (F(2, 36) = 0.41, 222 p = .66, GES = .007), and no interaction between the two factors (F(2, 364) = 120, p = .31, GES 223 = .02). Figure 2a depicts these data. 224
We conducted a follow-up analysis consisting of least-squares means t-tests with a 225
conservative Satterthwaite adjustment to the degrees of freedom (Lenth 2016; note that non-parametric tests revealed similar results). Examining the effect of stimulation as a function of 227 FMS repetition revealed a significant difference between the GVS and sham groups at the first 228 FMS repetition (t(36.2) = 2.61, p = .01, Cohen's d = 1.31), but not at the second or third FMS 229 repetitions (ps ≥ .18). 230
Polynomial analysis showed no significant trends for the adaptation scores across FMS 231 repetitions in the GVS or sham groups (ps ≥ .25). 232
Moderate VR content: The same mixed-design ANOVA on post-pre FMS scores 233 revealed no significant differences between GVS and sham groups, no effect of FMS repetition, 234 and no interaction effect (ps ≥ .18). Figure 2b Intense VR content: Inspecting the FMS scores from the adaptation block alone (mixed 242 design ANOVA, between-subjects factor, stimulation: GVS or sham; within-subjects factor, 243 FMS repetition: ten levels) revealed that there was no main effect of stimulation (F(1, 18) = 1.12, 244 p = .30, GES = .04), but we observed a significant effect of FMS repetition (F(9, 162) = 7.33, p < 245 .001, GES = .11), and an interaction between the two factors (F(9, 162) = 3.54, p < .001, GES = 246 .06). 247
Follow-up analysis of the interaction effect using least squares means t-tests with 248
Satterthwaite-adjusted df (Lenth 2016) revealed that the GVS group had significantly lower FMS 249 scores than the sham group only at FMS repetition 10 (t(36.8) = 2.98, p = .005, Cohen's d = 250
1.49; all other ps ≥ .07). Figure 3a depicts these data. 251
We also observed significant linear trends for both the GVS group (t(81) = 2.55, p = .01) 252 and sham group (t(81) = 8.73, p < .001) during the adaptation block. Importantly, FMS scores for 253 the GVS group also tended to decrease during the later parts of the block, reflected in a 254 significant quadratic trend for the GVS group (t(81) = 4.54, p < .001) that did not emerge for the 255 sham group (t(81) = 0.34, p = .73). 256
Moderate VR content:
A mixed-design ANOVA revealed that FMS scores from the 257 adaptation block differed across FMS repetitions for the moderate VR content group (F(9, 162) = 258 6.95, p < .001, GES = .07), but there was no main effect of stimulation, and no interaction effect 259 (ps ≥ .86). The tendency for FMS scores to increase across FMS repetitions was borne out in 260 significant linear trends for both the GVS group (t(81) = 4.55, p < .001) and the sham group (t(81) = 6.16, p < .001). No higher-order trends were observed for either group (ps ≥.56). Figure  262 3b depicts these data. 263
Simulator sickness questionnaire 264
The results of the SSQ indicated that there was no difference between the GVS and sham 265 groups following the intense VR content. This was the case for all three completions of the SSQ, 266 both for the moderate and intense VR content groups (ps > .05). 
Symptomatology 272
To assess the symptomatology of cybersickness, we computed the total number of 273 participants that reported each symptom on the SSQ (any severity) from the ‗adaptation' and ‗post-adaptation' blocks and identified the most common symptom (or symptoms) for each 275 condition and group. The results are depicted in Table 1 . The pattern of symptoms experienced 276 in each condition was similar, with eyestrain, general discomfort, and fatigue being the most 277 common symptoms across participants. 278 
Discussion 281
Here we show evidence that the addition of vestibular noise during VR exposure is 282 associated with a reduced severity of CS. Given previous evidence that CS is reduced by bone-283 conducted vibration at the mastoids (Weech et al., 2018a), we expected that noisy galvanic 284 stimulation would also reduce CS. One possible mechanism for this effect involves the down-285 weighting of ‗unreliable' vestibular cues by the nervous system, thus up-weighting vision and 286 reducing the impact of sensory conflicts in VR, consistent with optimal cue integration theory 287 revealed no differences between the stimulation groups, pre-minus-post FMS scores were 289 significantly lower for the GVS group compared to the sham group. The reduction in CS was 290 very transient (3-6 min), providing preliminary evidence that noisy vestibular stimulation may be 291 a viable method for improving user comfort in VR. At the same time, no effect of GVS was 292 observed during a mildly provocative VR application, confirming that there are minimal effects 293 on comfort when noisy GVS is used during a comfortable experience. An informal comparison 294 of symptomatology across stimulation groups also suggests noisy GVS is unlikely to generate 295 major discomfort. suggests that the intervention might be effective only when frequent sensory conflicts related to 300 self-motion occur, although on this point we are limited to speculation given that there were 301 several other differences between the moderate and intense tasks (e.g., task instructions, visual 302 style, the presence of a gravitational reference). While there are several aspects of the observed 303 effects that are currently unclear, the results provide further support for the utility of noisy 304 stimulation for reducing the severity of CS. 305
Practical significance 306
The magnitude of the benefit provided by noisy GVS is conveyed by the large effect size 307 (Cohen's d = 1.3) for the difference between the GVS and sham groups immediately following 308 the adaptation block for the intense VR content. For the GVS group, the difference between post-309 and pre-adaptation FMS scores was approximately zero at the first FMS repetition, suggesting trends in other conditions) were practically eliminated for these participants. The benefit of GVS 312 was also much larger here than in a previous study where noisy vestibular cues were applied 313 using another technique (bone conducted vibration) and where the authors identified only a 314 ‗medium' effect size (η 2 p = 0.20; Weech et al., 2018a) . 315
However, the practical significance of these results is limited in some regards. For 316 instance, given that the effect of GVS had washed out after an additional 3 minutes of VR 317 exposure, there may be a limited benefit of the current iteration to users in a practical setting. 318
Other research has identified long-lasting effects (> 6 months) of multi-session noisy GVS on 319 postural control and perceptual upright estimation (Dilda et al., 2014; Moore et al., 2015) . Both 320 of these tasks require the integration of multisensory estimates of the state of the world and the 321 body, and the sustained effects of noisy GVS observed in these studies suggest that noisy 322 stimulation caused down-weighting of vestibular cues that would otherwise interfere with 323 accurate completion of the task. Therefore, it is conceivable that CS-which is often attributed to 324 a problem with disregarding inaccurate vestibular cues (e.g., Weech et al., 2018a)-may also be 325 mitigated by long-term exposure to noisy stimulation (i.e., several sessions over multiple days). 326
This proposition remains to be tested in future research. It also remains to be seen if visual noise 327 manipulations result in a symmetric effect on CS, such that visual noise delays the process of 328 reaching visual dominance for self-motion perception, resulting in more sensory conflicts. While 329 evidence suggests that visual brightness and contrast manipulations do not affect CS (Shahal et 330 al., 2016) , other manipulations should be tested (e.g., visual motion coherence, blurring) before 331 conclusive statements can be made about visual noise and CS. 332 reduction in CS, the significant effects we observed suggest that minimal individualisation of the 335 stimulation parameters may be required in order to achieve a benefit. It is not clear how much potentially important delays between the initial generation of the appropriate stimulus on the 350 rendering hardware, and the stimulus reaching the stimulation device at the user. The noisy GVS 351 approach is therefore appealing in a practical sense, as it requires no software-coupling in order 352 to achieve the significant reduction in CS that we observed here. 353
Discrepancy between cybersickness measures 354
While the FMS scale revealed differences between the stimulation groups, the SSQ 355 results did not differ between the two groups. The reason for this discrepancy between and post-adaptation phases-during which one of the SSQ scales was completed. It is possible 358 that a replication of this study that uses a larger sample size would help to reveal similar effects 359 on SSQ scores. One open question concerns the extent to which probing participants for CS 360 reports during a VR task (FMS scores), which we did repeatedly here, may affect the either 361 physiological experience of CS or give rise to a response bias that depends on previous 362 responses. Upcoming experiments should address these issues by examining physiological and 363 subjective reports both with and without intermittent prompting. 364
Other theories of cyber/motion sickness etiology 365
We have discussed the prospect that vestibular noise reduced CS by mitigating sensory 366 conflict, although it should be noted that the results could equally be aligned with other 367 etiological accounts of CS. In line with the postural instability account of motion sickness 368 Stoffregen et al., 2014; Smart Jr. et al., 2002) , which links the use of 369 maladaptive control strategies to sickness etiology, it is conceivable that noisy GVS influenced 370 postural control strategies, resulting in more adaptive control of the head and body for the GVS 371 group than for the sham group. In order to test this proposition, it would be useful to run further 372 examinations of the head movements of the GVS and sham group participants, although these 373 data were not collected here. However, it is clear that there are few tests that could possibly 374 distinguish between the postural instability/sensory re-weighting accounts of CS (Nishiike et al., 375 2013; Weech et al., 2018a) . The ability to integrate multiple sensory cues is a key aspect of 376 stable bodily control, and this inextricable link between postural control and sensory dynamics 377 means that any measurement of one factor is likely to co-vary with measurements of the other. 378
Future studies that attempt to partition the effects of postural control and sensory re-weighting processing via stochastic resonance (SR), where adding noise to a sensory channel elevates the 382 detection of true signals (Moss et al., 2004; Wiesenfeld & Moss, 1995) . Others have shown 383 increased postural stability resulting from low-amplitude noisy current applied to the vestibular 384 system, perhaps due to facilitated detection of head movement (Mulavara et al., 2011; Pal et al., 385 2009 ). However, the amplitude of current used in the current study (±1750 µA) is higher than 386 that used in these previous studies (amplitude is commonly in the range of ±100 to ±500 µA), 387
and low-amplitude current is a key requirement for SR-like effects to emerge. In addition, SR 388 effects typically emerge rapidly, and do not demonstrate an adaptation period such as the one we 389 observed here. As such, we do not expect that SR played a significant role in the current study. 390
In a similar manner, it is conceivable that noisy GVS reduced cybersickness by 391 increasing the level of presence experienced by participants in the VR environment. Presence 392 and CS share an inverse correlation, whereby high presence seems to impart a protective effect 393 on VR users (Weech et al., 2019) . This explanation of our results would also be consistent with 394 empirical evidence showing that vection is facilitated by noisy GVS (Weech & Troje, 2017 here might be attributable to changes in velocity storage following galvanic stimulation. While 410 the effect of noisy GVS on the velocity storage mechanism is currently unexplored, this 411 explanation of the current findings cannot be ruled out. 412
Conclusion 413
Here we report evidence that noisy galvanic vestibular stimulation applied during an 414 intense VR application can result in a transient reduction in CS severity. The side-effects of GVS 415 on CS symptomatology were minimal and did not increase discomfort in a non-intense VR 416 application. The washout of the effects was very rapid, indicating a fast re-establishment of the 417 un-adapted state of vestibular processing. We posit that the effects observed here might be 418 extended upon longer durations of exposure to noisy GVS, similar to the long-lasting effects 419 observed for GVS-induced sensory re-weighting and postural adaptation (Dilda et al., 2014; 420 Moore et al., 2015) . Overall, the findings demonstrate the potential for CS reduction by way of a 421 non-invasive sensory stimulation method that requires no software-coupling and minimal efforts 422 to achieve personalisation, although further refinements of the method used here will be required 423 in order to establish its practical utility. 
